We report experimental and particle-based kinetic simulation studies of low-pressure capacitively coupled oxygen plasmas driven by tailored voltage waveforms that consist of up to four harmonics of base frequency 13.56 MHz. Experimentally determined values of DC self-bias and electrical power deposition, as well as ux density and ux-energy distribution of the positive ions at the grounded electrode are compared with simulation data for a wide range of operating conditions. Very good agreement is found for self-bias and uxenergy distribution of the positive ions at the electrodes, while a fair agreement is reached for discharge power and ion ux data. The simulated spatial and temporal behaviour of the electric eld, electron density, electron power absorption, ionization rate and mean electron energy shows a transition between sheath expansion heating and drift-ambipolar discharge modes, induced by changing either the number of harmonics comprising the excitation waveform or the gas pressure. The simulations indicate that under our experimental conditions the plasma operates at high electronegativity, and also reveal the crucial role of ( )
Introduction
Capacitively coupled plasmas (CCPs) operating in various gases are important in many high-tech applications, including etching and deposition of thin lms and modi cation of surface properties (see for example [1, 2] ). Oxygen and oxygencontaining plasmas, in particular, have been applied for stripping of polymer photoresist lms, functionalization of bre surfaces [3] , improvement of properties of biocompatible surfaces [4] and of resistive switching memory circuits [5] , and fabrication of nano uidic devices [6] and gas sensors based on carbon nanotube network lms [7] , as well as transparent and conductive thin layers [8] . The physics and chemistry of capacitively coupled radio frequency (RF) plasmas in oxygen have been the subject of many studies, both experimental and via modelling, during recent decades. The particle-in-cell method combined with Monte Carlo treatment of collision processes (known as PIC/MCC [9] ) has played an important role in modelling studies where a kinetic description of particle transport is necessary [10] [11] [12] . Previous modelling studies have revealed details of the plasma dynamics [13] , and explained the pressure dependence of electron energy distributions in both capacitively and inductively coupled oxygen plasmas [14] . A sequence of three papers [15] [16] [17] 
discussed
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Experimental and simulation study of a capacitively coupled oxygen discharge driven by tailored voltage waveforms the modelling issues, analyzed the spatiotemporally resolved optical emission patterns of the plasma and gave a comparison between experimental and modelling results in low-pressure oxygen CCPs, respectively. The effect of magnetic elds on the generation and con nement of low-pressure capacitive oxygen plasmas, motivated by the optimization of ion-etching applications, was investigated in [18] , while the role of atomic oxygen was studied in [19] . The in uence of external control parameters on the electron density in low-pressure capacitively coupled oxygen discharges was investigated in [20, 21] . The appearance of an instability (characteristic for electronegative plasmas [22] ) was studied in an oxygen CCP in [23] , where periodic oscillations in the sub-kHz frequency range were found to be excited. Observation of the optical emission patterns revealed that the plasma oscillates between high-and low-electronegativity modes within the uctuation cycles. Electron attachment/detachment processes were shown to play a central role in generating this instability [23] . Negative ions in O 2 plasmas have been studied experimentally using laser photodetachment combined with microwave interferometry, accompanied by particle simulations [24, 25] .
In most plasma processing applications the ux and energy of ions reaching the electrode (target) surfaces are of primary importance. In recent years a number of schemes have been proposed for the separate control of these properties. The rst scheme that was proposed uses excitation of the plasma by two, or more, signi cantly different radio frequencies (e.g. 2 + 27 MHz, 1 + 100 MHz) [26] [27] [28] [29] [30] . Under such conditions the plasma density and (strongly linked) ion ux are controlled by the amplitude of the high-frequency component of the driving waveform, while the ion energy is primarily set by the amplitude of the low-frequency component. The degree of control separation is limited by coupling effects and can be achieved only within narrow windows of the discharge operating parameters [31] . In another scheme, which has become known as the 'electrical asymmetry effect' (EAE), dual-frequency excitation is performed using two consecutive harmonics (e.g. 13.56 + 27.12 MHz) [32] [33] [34] [35] [36] [37] . This type of excitation allows the ion energy to be tuned by the phase angle between the driving harmonics, due to the varying DC selfbias that is caused by the electrically asymmetric excitation waveform, while the ion ux remains nearly constant (and is de ned by the amplitudes of the driving harmonics). The EAE has been thoroughly studied in recent years, and in particular the number of consecutive harmonics has been increased above two, both in experiments [38] and in simulations [39] .
It has been realized that, when using such multi-harmonic waveforms, further degrees of freedom can be obtained by changing both the amplitudes and the phases, giving control of the discharge characteristics over a wide domain. Such waveforms (which include pulse-like [40] and sawtooth-like [41] shapes, among others) have become known as 'customized' or 'tailored' voltage waveforms; for a summary of progress see the review of La eur [42] and references therein.
While plasma sources employing tailored voltage waveform excitation are now being developed for laboratory-scale and industrial surface processing, further investigation is necessary to uncover the details of discharge operation at the level of elementary processes, particularly in molecular gases. The aim of the present paper is to contribute to this understanding by reporting a combined experimental and simulation study of a low-pressure oxygen CCP, excited by tailored voltage waveforms consisting of a base harmonic and a number of additional higher harmonics. Our methods (the experimental setup, discharge model and simulation method) are described in section 2. The experimental and simulation results are presented and compared to each other in section 3, and a short summary of the work is given in section 4.
Methods
The experimental setup is described in section 2.1, while the details of the discharge model and simulation method are presented in section 2.2. The general form of the multifrequency tailored voltage waveforms (as also used here) is
where N is the number of harmonics that have amplitudes and phase angles, φ k and (
, respectively, and f 1 is the fundamental RF frequency.
Here we apply two classes of waveforms:
(i) 'Peaks' and 'valleys' waveforms: In the above form of the driving voltage waveform the amplitudes of the individual harmonics are set according to the equations
where φ PP is the peak-to-peak voltage. The 'peaks' voltage waveforms are generated by setting all phase angles to zero, while 'valleys'-type waveforms are obtained by changing the phase angles of all the even harmonics to π Θ = (ii) EAE waveforms: To study the effect of phase variation we adopt the dual-frequency driving voltage waveform
cos 4 . 
Examples of waveforms generated in this way are displayed in gure 1(b) for different phase angles and
V.
Experiment
Experiments were performed in the DRACULA CCP plasma reactor previously described in [43] and shown schematically in gure 2. The cylindrically symmetric reactor consists of two aluminium electrodes each 50 cm in diameter, separated by a distance of L = 2.5 cm. The bottom electrode is powered, while the top electrode is grounded. The plasma between the electrodes is radially bounded by a large Pyrex cylinder and a thick Te on dielectric, thus ensuring that the plasma 'sees' almost equal electrode areas. The chamber is pumped with a rotary/turbomolecular pump system, and pressure is measured using both ion and Baratron gauges. Oxygen is injected into the reactor via a side port of the chamber and the ow rate is set using a mass ow controller. The powered electrode is connected to a class A broadband RF power ampli er via a 4.5 nF bias capacitor. The ampli er is controlled by an arbitrary function generator and a PC using a LABVIEW program that creates and sends the desired voltage waveforms. The frequency response of the reactor and the plasma impedance in general distorts this waveform, and so a Fourier transform feedback technique [43, 44] is used to ensure that the desired waveforms can be reproduced on the powered electrode. A SOLAYL voltage-current probe (described in detail in [45] ) is placed between the powered electrode and the bias capacitor to monitor the discharge current and power. The discharge voltage and the DC self-bias are measured with a 100 : 1 highvoltage probe connected directly to the powered electrode. The ion ux energy distribution function (IFEDF) is measured with a HIDEN EQP mass/energy spectrometer. The spectrometer entrance ori ce is embedded in the grounded electrode and aligned with the axis of the reactor. In order to avoid the convolution of the unknown ion distribution with the energy-dependent acceptance angle of the spectrometer (which requires trajectory simulations) [46, 47] , the focusing electrodes are turned off and only ions in a narrow acceptance angle of about 2° are measured.
The experimental system also allows the determination of the ux of the ions to the grounded electrode with 16 planar probes embedded in the electrode along a common diametric line. In this paper we present particle simulation results and compare them to experimentally measured self-bias voltage, power absorbed by the discharge, ion ux and ux energy distribution of ions. This comparison of multiple characteristics provides a rigorous check of the collisional model underlying the simulations.
Modelling of the oxygen radio frequency plasma
The modelling of oxygen plasmas is challenging due to their complicated chemistry which involves a number of different species and reaction channels (see for example [48] [49] [50] [51] ). Selecting relevant reactions, as well as analyzing their importance and the sensitivity of the results to the reaction data used is a laborious task [52] .
There are several sets of processes and related cross sections/ rate coef cients available in the literature for O 2 plasmas [10-12, 15, 53] . These sets differ in many respects: in the number of species and reaction processes considered, in the values of the V. The time axis covers two periods (T RF ) of the fundamental RF frequency. Note that, generally, the discharge voltage waveforms include an additional DC self-bias for N > 1, which is not shown here. In a recent study [12] a critical comparison between computational results obtained using different reaction data and different simulation codes was presented. This work also considered + O ions, claiming that they are increasingly important at higher pressures. Although the process and cross section set given in [12] is probably the most comprehensive to date, the results were not compared to experimental data. Notably, the detachment reaction of
can be present with appreciable concentration, and consequently the charged particle densities are likely overestimated. Nevertheless, the authors acknowledged that this associative detachment reaction is an important subject for future work. As we will see later, this process plays a vital role (as recognized by [15, 56, 57] ) in the charged particle balance of the plasma. The set of elementary processes considered in this work is illustrated in gure 3, with details given in table 1.
The process list and cross sections adopted are largely based on the well-established 'xpdp1' set [10] . Only a few changes have been introduced to re ne some of the processes and corresponding data (see below). The collision processes between electrons and O 2 molecules (see table 1 ) include elastic scattering, excitation to rotational, vibrational and electronic levels, ionization, dissociative excitation, and dissociative attachment (processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , of which the density may be signi cant in CCPs (process 22).
Compared to the original 'xpdp1' cross section set we: replace the elastic collision cross section with the elastic momentum transfer cross section of Biagi [58] and use, accordingly, isotropic electron scattering; replace the original xpdp1 ionization cross section with that recommended by Gudmundsson [12] ; and adopt all the cross sections for heavy particle processes (ion-molecule and ion-ion collisions) from Gudmundsson's work [12] , except for process 22, for which we use the cross section given in [15] .
We note that metastable
molecules, having a long lifetime, play an important role in the plasma chemistry, and without process 22 the calculations may overestimate the positive and negative ion densities signi cantly [56, 57] . Unfortunately, it is dif cult to calculate the
density self-consistently. Therefore we follow a procedure that assumes a homogeneous spatial density of these molecules and estimate their density from a simple balance equation. The source of ( )
molecules is electron impact excitation of O 2 (process 7), and the rate of this process is readily available from the simulations. We assume that the molecules are predominantly lost by quenching at the electrodes, with a loss rate k that, according to [59] , is given as
where α is the surface quenching probability, D is the diffusion coef cient of ( )
in O 2 (which we take to be equal to the self-diffusion coef cient of O 2 , given in [60] ), V/A is the volume to surface area of the reactor, v is the mean thermal velocity (which we calculate from the gas temperature), and
where R = 25 cm is the electrode radius. At equilibrium, the balance equation for the density, n a , of ( )
where the rst (creation) term on the right-hand side is the rate of process 7, while the loss term is
which allows the calculation of n a from k. The computational description of the oxygen CPP, driven by tailored RF waveforms is based on PIC/MCC [9] . Our code is one-dimensional (1D) in space and 3D in velocity space. The electrodes are assumed to be plane and parallel. We use a xed gas temperature of = T 300 g K, justi ed by the low power levels. Both the electron re ection coef cient at the electrodes and the secondary electron yield are set to zero. We note that in CCPs secondary electrons, emitted from the electrodes, may play an important role at higher pressures. However, under the conditions covered in this study, their role was found to be less important, since the discharge voltage did not exceed the relatively low value of 250 V peak-to-peak. Under such conditions electron multiplication within the electrode sheaths is small, as con rmed in our simulations. The computational grid has = N 200 g points between the electrodes and the simulation time step is set to ∆ = t T N / RF t , where T RF is the period of the fundamental RF frequency (13.56 MHz), and typically = N 4000 t . These parameter values ful l the convergence criteria (the time step is small enough to resolve electron plasma oscillations, the computational mesh is dense enough to resolve the Debye length) of the PIC scheme. The relatively small number of mesh points aids the ful lment of the Courant condition and does not limit the resolution of the characteristic structure of the discharge. The number of superparticles was around 10 5 for each species (using different superparticle weights for the different species), which resulted in a convergence time of about 100 h on a single CPU.
When two or more RF harmonics are applied for the excitation of the plasma, the self-bias η is determined in an iterative way, by adjusting its value to achieve equality of electron and ion uxes to each of the electrodes over one period of the fundamental driving frequency [62] .
We note that by 'reversing' the waveform shape (peaks ↔ valleys): the bias changes sign, but has the same magnitude, and the plasma changes to its mirror image with respect to the midplane. This expected behaviour was con rmed for a few selected cases in the simulations. As a single simulation gives access to the ion uxes and energy distributions at both electrodes (while in the experiment these characteristics can only be obtained at the grounded side), it is suf cient to simulate discharges excited by only one, e.g. the 'peaks'-type waveforms.
Results
In the following we present a detailed characterization of the oxygen CCP driven by 'peaks' and 'valleys' RF waveforms according to equation (1), operating in the pressure range < < p 50 mTorr 380 mTorr. Subsequently, we illustrate the effect of varying the phase angle on discharge characteristics when a dual-frequency EAE waveform speci ed by equation (3) is employed. Throughout these studies the fundamental harmonic frequency is xed at f 1 = 13.56 MHz.
First we address the question of the proper choice of surface destruction probability (α) of oxygen singlet delta ( ( )
) molecules. Due to the lack of data for different electrode materials and surface conditions, we varied this parameter to nd the best overall agreement between the experimental and simulation data for ion uxes at the electrodes. The best agreement was obtained using a value of α = × − 6 10 3 . Before presenting our systematic study of the discharge characteristics using this xed value of α, we illustrate the effect of varying α on several calculated characteristics of the discharge for a xed set of operating conditions: p = 100 mTorr, φ = 150 PP V and N = 2 (dual frequency excitation, 'peaks'-type waveform). Figure 4(a) shows the in uence of 
Mutual neutralization
Associative detachment [15] a More detailed information about the 'xpdp1' set, including references to cross section data, can be found in [10, 12] . b In [12] this process is referred to as charge exchange and an additional process of isotropic elastic scattering with a cross section that has 50% magnitude of the charge exchange cross section is additionally included. Here, we use the same values for the cross sections, but follow the recommendation of Phelps [61] for the terminology and call this process elastic scattering, since charge exchange is also an elastic process.
the assumed value of α on the DC self-bias, calculated discharge power and . This implies a strong change of the electronegativity as well, since the electron density is nearly the same for all conditions. The
density decreases exponentially with increasing α. For the value of α ≅ × − 6 10 3 , which was chosen in the rest of simulations, we nd that for the conditions given here the
density ratio is in the order of ∼0.1%. This ratio, which changes by a factor of about three over the entire domain of the parameter space of our studies, is signi cantly lower than that assumed in [15] , where a metastable to neutral density ratio of 1/6 was assumed. We note that a lower surface destruction coef cient α = × − 1 10 5 and a correspond-
≈ 15% density ratio was found in a study based on the experimental observation of spatiotemporal optical emission from the plasmas and a self-consistent 1D uid model that included a semi-kinetic treatment of electrons [56] , for similar discharge conditions as considered here. However, the surface properties of the stainless steel electrodes in [56] , those in [15] , and the (oxidized) aluminium used in our work are different. The exact nature of the electrode material and its surface conditions has been shown to have a signi cant effect on the surface destruction probability and, consequently, on the ( )
density [56] . In gure 5, we illustrate the effect of discharge conditions and the number of driving RF harmonics on the self-bias of the powered electrode. Here the bias is given as the normalized value, η η φ = / PP . We nd a very good agreement between the experimental data and the computed η values. The very low experimental values of η in the case of single-frequency operation (N = 1, which was only possible at the higher φ PP values of 150 V and 200 V) con rm that the experimental system is highly symmetrical. For the 'peaks'-type waveforms we nd a negative bias, while 'valleys'-type waveforms result in η > 0. The experimental data con rm that η η = − peaks v alleys . We observe a monotonic increase of the magnitude of the selfbias with increasing number of harmonics, and the highest observed value of the normalized self-bias was 35 | | η ≈ %. Figure 6 presents a comparison of the discharge power determined experimentally and in simulations. In both cases the power is determined from the period averaged product of the discharge voltage and discharge current. In the experiment the time dependent voltage V(t) and current I(t) signals, recorded on a digital oscilloscope, were multiplied and the power was derived from the time-averaged value of this product. The phase shift between voltage and current was taken into account. We note that a detailed phase and amplitude calibration of the current-voltage probe used in these measurements has been performed previously. More information on this calibration procedure can be found in [45] . In the simulations the discharge power was calculated from the time average of the ( ) ( ) ⋅ I t V t product, where I(t) is the total current at a given (arbitrary) position within the gap (including the currents carried by electrons, positive and negative ions, as well as the displacement current) and V(t) is the voltage applied to the powered electrode. The discharge power increases with the voltage amplitude as well as with increasing pressure and with increasing number of harmonics. In most cases the experiment and simulation agree to within a factor of two. For the case of molecular gases with complex plasma chemistry this agreement is acceptable considering the broad range of operation parameters. The ux of + O 2 ions to the grounded electrode is displayed in gure 7 for all operation conditions. The agreement between the experimental data points and the corresponding simulation results is fair in most cases, although for some conditions (e.g. in the low-voltage, high-pressure cases) a difference of up to a factor of three is seen. As gure 4 showed, the ion ux can be 'tuned' by a factor of up to four, by varying the surface 
. Therefore better agreement could have been achieved in these cases by choosing a different value of α in the simulations, but this would cause greater discrepancies under other conditions. It is clear that the
process plays a central role in the charged particle balance and a more re ned model for the balance of the ( )
molecules would probably give better agreement for the ion uxes. This re nement is, however, left for future work, which would ideally be complemented by experimental measurements of the ( )
density and kinetics.
The spatiotemporal behaviour of several discharge characteristics is shown in gure 8, for p = 200 mTorr and φ = 150 PP V. The maps show one period of the fundamental driving
, with the position x = 0 corresponding to the powered electrode, while the grounded electrode is located at x = 2.5 cm. The gures show maps of the electron power absorption (row 1), rate of + O 2 ion production (row 2), electric eld (row 3) and electron density (row 4), for discharges operated with N = 1, 2 and 3 harmonics. For N = 1 we observe that the power absorption by the electrons is most signi cant in the bulk plasma (see gure 8(a)), where an electric eld of ∼15 Vcm −1 is generated ( gure 8(g)) to drive the electron current at low electron density (i.e. to ensure current continuity [63] ). In the presence of this eld the electrons multiply signi cantly and the ionization rate is maximal near the edge of the collapsing sheath ( gure 8(d)). At N = 2 the maximum of the electron power absorption moves nearer to the edge of the expanding sheaths, especially at the powered side of the discharge, where the sheath expands much faster with dual-frequency driving voltage waveforms. As a consequence, at times of sheath expansion at the powered side, the ionization rate shows two maxima with nearly equal amplitudes, situated near the sheath edges at both sides ( gure 8(e)), which originate from sheath expansion and sheath collapse, respectively. During sheath expansion at the grounded side of the plasma, ionization is signi cantly weaker. This temporal asymmetry becomes even more signi cant for N = 3, where strong ionization is only present near the edge of the sheath at the powered electrode, and only during the expansion phase of the powered sheath ( gure 8(f)). As the number of harmonics is increased, the heating mode changes from drift-ambipolar [63] at N = 1 to a classical alpha-heating mode at N = 3. During this heating mode transition the Besides the driving voltage waveform, gas pressure also considerably affects the electron dynamics and also induces a heating mode transition. Figure 9 shows spatiotemporal maps of electron power absorption and ionization rate for N = 3 and φ = 150 PP V, at different pressures. At the lowest pressure (50 mTorr) only weak ionization due to sheath expansion heating is found at the powered side, whereas electron acceleration and multiplication in the bulk plasma (DA-mode) gives rise to strong ionization in the bulk and in the vicinity of the collapsing sheath edge ( gure 9(b)). As the pressure is increased (keeping the other conditions the same) the peak of the ionization rate shifts towards the powered sheath; at the highest pressure of 380 mTorr it concentrates near the edge of the expanding powered sheath. The power absorption by electrons and ionization rate are much lower during sheath expansion phases at the grounded side of the discharge. Such transitions of the electron heating mode between α and drift-ambipolar modes have previously been observed in other electronegative gases, e.g. in CF 4 (see [64] and references therein).
The spatiotemporal distribution of the mean electron energy also changes signi cantly during the heating mode transition. The highest mean energy occurs at 50 mTorr, at N = 3 and φ = 150 PP V, conditions which favour the driftambipolar mode, see gure 10(a), (see gures 9(a) and (b)). Here, the highest mean energy (∼11 eV) is reached in the bulk region. At a pressure of 380 mTorr this value decreases to ∼5 eV, both in the bulk region and beyond the expanding sheath edge ( gure 10(b)). The gas pressure also signi cantly in uences ion dynamics. The shape of the IFEDF is determined to a large extent by the collisionality of the sheaths. Examples of the measured and calculated IFEDFs are displayed in gure 11, for N = 3 and φ = 150 PP V for different pressures. At the lowest pressure considered, the sheaths are only slightly collisional and the IFEDFs are characterized by a strong peak at the highest ion energy. At 100 mTorr, due to the higher number of collisions in the sheaths the IFEDFs peak at lower energies, while at an even higher pressure (200 mTorr) they show a faster decay at high energies. The measured and simulated distributions are in good general agreement, con rming that ion transport is handled reasonably correctly in the model. Note that, as mentioned in section 2, in the experiments the ion energy analyzer has a 2° acceptance angle. The simulation results therefore include only those ions for which the angle of incidence to the electrode surface is less than 2°.
Comparison of the present results in O 2 to those obtained for electropositive Ar discharges driven by tailored voltage waveforms reveals a number of similarities and differences. In both gases a DC self-bias is generated via the EAE for ⩾ N 2; this self-bias can be signi cantly increased by adding more consecutive harmonics to the driving voltage waveform with speci c amplitudes. In contrast to Ar discharges, which often operate in the α-mode, where the sheath expansion heating dominates, O 2 discharges can operate in the drift-ambipolar mode, showing different spatiotemporal ionization dynamics. In this mode, electrons are heated in the plasma bulk by a high electric eld, which is caused by the high electronegativity of the discharge, and these electrons induce strong ionization in the bulk. Further, at the collapsing sheath edge, ionization is generated by electrons accelerated by an ambipolar eld due to the local maximum of the electron density in the electropositive edge region of the discharge. The drift-ambipolar operation mode, speci c to electronegative discharges, affects the generation of the self-bias voltage and the control of processrelevant plasma parameters.
All the results presented so far were obtained with waveforms where all phase angles Θ k were set either to 0 or π.
Varying these phase angles opens additional possibilities for controlling discharge properties. An important practical example is the case of dual-frequency excitation with a phase variation between the two harmonics, an excitation mode that has become known as the EAE [32, 62] .
The panels of gure 12 show as a function of Θ 1 the DC self-bias voltage, ion ux at the grounded electrode, and mean ion energy at the powered and grounded electrodes, respectively, for p = 100 mTorr and φ = 50 12 V. Changing Θ 1 from 0° to 90° results in a reversal of the self-bias, and thus in uences the energy of the ions arriving at the electrodes, as shown in gure 12(c). Meanwhile the ion ux changes only slightly (see gure 12(b)), demonstrating that the ion energy can be tuned nearly independently from the ion ux. For selfbias and ion ux, the computational results are compared with experimental data, and we nd a very good agreement between the two sets of data.
Summary
We have investigated capacitively coupled low pressure oxygen discharges driven by customized voltage waveforms. Several discharge characteristics, namely the self-bias voltage, power absorbed by the discharge, ion ux, and ion ux energy distribution have been determined both experimentally and via particle simulations. A comparison of these characteristics provided a thorough test of the collision-reaction model underlying the simulations. Very good agreement was found in terms of the DC self-bias values for all discharge conditions covered in the study. The discharge power and ion ux showed satisfactory agreement, considering the complex chemistry of the plasma and experimental errors. Good agreement was also found for the ion ux energy distributions at the electrodes.
The simulations give access to quantities that are not directly accessible experimentally. The spatiotemporal distributions of discharge characteristics (including the electric eld, electron density, electron power absorption, ionization rate and mean electron energy) showed the transition between sheath expansion heating and drift-ambipolar modes. This transition can be induced both by changing the number of harmonics comprising the excitation waveform or by the gas pressure.
An investigation of the dependence of the discharge characteristics on the surface destruction coef cient of the ( ) ∆ a O reaction, which strongly affects the negative ion balance of the plasma, and therefore the electron and ion densities and electronegativity. For all conditions studied the plasma was found to operate in the high-electronegativity mode, which is in accordance with the ndings of [24] for low-voltage / low-power conditions.
A more detailed experimental characterization of the discharge plasma, involving measurement of the charged species densities in the bulk plasma and ( )
density, as well as phase-resolved optical emission measurements, could aid in further re ning the plasma chemistry model, leading to more reliable prediction of the different physical quantities characterizing oxygen discharges.
